Introduction {#sec1}
============

Immunotherapy of malignant diseases is rapidly expanding the therapeutic options for cancer patients. Adoptive cell therapy (ACT) is a potent method of harnessing autologous immune cells, allowing for *ex vivo* manipulation of T cells or natural killer (NK) cells prior to their re-infusion into the patient. ACT includes therapy based on peripheral blood mononuclear cells (PBMCs) engineered to become tumor specific or on expansion of tumor-infiltrating lymphocytes (TILs) cultured from a surgical resection of the tumor. Clinical trials have shown promising results with TIL therapy of malignant melanoma, yielding an overall response (OR) rate around 30%--50%.[@bib1], [@bib2] T cells engineered to express T cell receptors (TCRs) specific for tumor antigens in solid tumors have demonstrated a clinical response with an OR rate of 45%--70%.[@bib3], [@bib4] The first ACT with chimeric antigen receptor (CAR) T cells engineered to express CD19 for treatment of relapsing B cell acute lymphoblastic leukemia (ALL) was recently approved by the US Food and Drug Administration (FDA) ([ClincalTrials.gov](http://ClincalTrials.gov){#intref0010} ID: [NCT02435849](ctgov:NCT02435849){#intref0015}). CAR-based ACTs have seen complete responses (CRs) ranging from 68% to 100% for adult and pediatric B cell malignancies in multiple independent clinical trials.[@bib5] The experience from CAR therapy of solid tumors is, however, much more limited, with several major challenges remaining. The safety profiles for different types of ACTs are significantly different, with TILs having a relatively benign safety profile and most adverse events being due to the high-dose interleukin-2 (IL-2) administered. With TCR- or CAR-engineered T cell therapies, a number of more severe adverse events, ranging from tumor lysis syndrome, cytokine storm, and even fatal neurotoxicities, have been reported.[@bib3], [@bib6], [@bib7]

The other major arm of immunotherapy recently being harnessed by oncologists is that of checkpoint-inhibiting antibodies (CIA). Antibody blockade of the checkpoints cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) and the programmed cell death protein 1 pathway (PD-1/PD-L1) have demonstrated efficacy in a number of malignancies.[@bib8] The first FDA-approved CIA (ipilimumab) is responsible for blocking the inhibitory T cell signal mediated by CTLA-4 during the priming of naive T cells in lymph nodes. This allows the expansion of the T cell repertoire, including also the tumor-reactive T cell clones. Although ipilimumab was shown to produce a durable response in 20% of the patients, adverse events are frequent but manageable.[@bib9], [@bib10] The clinical use of ipilimumab has now been largely replaced by antibodies targeting either the PD-1 receptor, expressed mainly by T cells, or the ligand PD-L1, expressed by antigen-presenting cells (APCs) or the tumor itself. It is important to note that PD-1/PD-L1 is a checkpoint involved in controlling peripheral tissue damage after an inflammatory response but hijacked by the tumor to effectively suppress anti-tumoral responses. Monotherapy with PD-1 blockade has resulted in better response rates (35%) and overall survival in advanced melanoma patients, with combination checkpoint blockade further increasing the overall survival.[@bib11] PD-1 blockade is currently standard of care for melanoma and has been FDA approved for use in non-small-cell lung carcinoma, renal cell carcinoma, and urothelial carcinoma.

Combining adoptive cell therapy with CIA is an attractive possibility already pursued in clinical trials ([ClincalTrials.gov](http://ClincalTrials.gov){#intref0020} IDs: [NCT02621021](ctgov:NCT02621021){#intref0025}, [NCT02926833](ctgov:NCT02926833){#intref0030}, and [NCT02757391](ctgov:NCT02757391){#intref0035}), because blocking inhibitory checkpoint receptors concomitantly with adoptive T cell transfer has been shown to lead to a better tumor control in pre-clinical studies as well as in one recent clinical observation.[@bib12], [@bib13] PD-1 binding can force a T cell into a state of senescence and even directly into apoptosis, whereas interference of the PD-1/PD-L1 axis by antibody therapy may allow the adoptively transferred T cells to continue their anti-tumor activity. The combination of ACT with CIA may, however, result in systemic serious adverse events caused by CIA acting on autoreactive T cell clones derived from *ex vivo* activated and expanded T cells in the TILs or genetically engineered T cell preparations. Furthermore, the injected CIA may not adequately penetrate into the immunosuppressive tumor microenvironment (TME), where the transferred T cells are supposed to perform their effector functions.

We therefore reasoned that an attractive alternative to the combination of ACT with antibody-mediated checkpoint blockade will be to silence PD-1 expression in the T cells prior to their transfer to the patient. This would allow *ex vivo* quantification of the PD-1 expression on the T cells prior to transfer and ensure that they are functionally enhanced in their tumor-recognizing capacity. To be able to produce TILs in which PD-1 expression is selectively silenced, we utilized self-delivering RNAi (self-delivering \[sd\] small interfering RNA \[siRNA\]) platform,[@bib14], [@bib15] together with our good manufacturing practice (GMP)-compatible ACT TIL production pipeline.[@bib16] The sdRNA platform is based on extensive chemical modifications of siRNAs, conferring the resulting hydrophobically modified siRNA molecules (sdRNA and hsiRNA) the ability to penetrate all cell types *ex vivo* and *in vivo* and achieve long-lasting specific target gene knockdown without any additional delivery formulations or techniques (this class of compounds is referred to as sd-rxRNA by RXi Pharmaceuticals that develops them for human therapeutic and diagnostic applications).[@bib14], [@bib15], [@bib17], [@bib18], [@bib19] Our results demonstrate that this approach led to markedly reduced extracellular and intracellular PD-1 protein levels in the majority of the human primary T cells and also resulted in increased capacity of T cells to secrete interferon γ (IFN-γ) upon polyclonal stimulation. Furthermore, when this sdRNA technology was applied to a GMP TIL production pipeline, the PD-1 expression levels on the produced TILs were found to be reduced and their capacity to proliferate and produce cytokines to be enhanced.

Results {#sec2}
=======

Identification of Sequence for the Potent Silencing of PDCD1 Gene Expression in Lymphocytes {#sec2.1}
-------------------------------------------------------------------------------------------

The self-deliverable RNAi molecule is a chemically synthesized asymmetric siRNA duplex consisting of the 20-nt antisense (guide) strand and 13--15 base sense (passenger) strand conjugated to cholesterol at its 3′ end using tetraethylenglycol (TEG) linker ([Figure 1](#fig1){ref-type="fig"}A). Most or all 2′OH positions of ribose residues are substituted with 2′OMe or 2′F modifications, conferring sdRNA molecule resistance to nuclease degradation in both extra- and intracellular environment. Additional nuclease protection is provided by phosphorothioate modifications at 3′ ends of guide and passenger strands. The combination of these modifications within an asymmetric siRNA scaffold is essential for its self-delivering properties and long-term knockdown activity.Figure 1Development of PD1 Targeting Compounds(A) Schematic structure of sdRNA. sdRNA is an asymmetric chemically modified siRNA duplex, containing 2′OMe, 2′F, and phosphorothioate backbone modifications and cholesterol conjugated to 3′ end of the passenger strand. (B) Fluorescent sdRNA uptake by Jurkat T cell lymphoma is shown. Cells were treated with Cy3-conjugated MAP4K4 sdRNA (red) for 48 hr in RPMI medium supplemented with 3% FBS. Cells were then incubated with Hoechst dye (blue), washed with PBS, and imaged live under fluorescent microscope Olympus BX-60. NT, non-treated cells. Representative images are shown. The scale bars represent 50 μm. (C) Lead compounds selection in a reporter luciferase assay is shown. Silencing is measured in cells expressing Renilla-PD1 fusion transcript and treated with PD1 sdRNAs at 1 μM for 48 hr. Data were normalized for Firefly luciferase and expressed as percent of non-treated "vector-only" cells (n = 3; mean ± SD). sdRNA targeting sequences are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. (D) PD1 mRNA knockdown by selected compounds in primary T cells is shown. Cells were activated with anti-CD3/CD28 beads for 4 days prior to treatment with sdRNA for another 72 hr. Cells were transfected at 200,000 cells/well in 96-well plate in RPMI medium with 1,000 U/mL IL-2. PD1 mRNA knockdown was quantified by qPCR using Taqman probes and normalized to GAPDH mRNA levels. Data are expressed as percent of non-targeting control (n = 4; mean ± SD).

To evaluate sdRNA uptake by lymphocytes, fluorescent Cy3-conjugated sdRNA was first transfected into Jurkat lymphoma cells. Significant staining was observed at as low as 0.2 μM sdRNA concentration, and bright labeling was observed at 1 μM ([Figure 1](#fig1){ref-type="fig"}B). The uptake of fluorescent sdRNA was then measured in primary T cells showing greater than 95% transfection efficiency ([Figure S1](#mmc1){ref-type="supplementary-material"}). To screen for sdRNA sequences that would inhibit PD-1 expression, we designed a luciferase reporter system based on dual-luciferase vector that included the sequence of PDCD1 gene and the target region of previously validated sdRNA against MAP4K4 downstream of Renilla luciferase expression cassette ([Figure S2](#mmc1){ref-type="supplementary-material"}). We predicted and generated 20 sdRNA compounds specific for PDCD1 and compared their efficacy by determining relative luminescence in HeLa cells transiently expressing constructed plasmid. Multiple lead compounds that reduced PDCD1 reporter expression to around 20% ([Figure 1](#fig1){ref-type="fig"}C) were selected for evaluation of endogenous gene silencing. The addition of these sdRNAs (PD70, PD74, PD75, PD77, and PD78) to cultures of primary human T cells reduced PDCD1 gene expression by five-fold at 2 μM ([Figure 1](#fig1){ref-type="fig"}D). To further enhance the silencing efficiency of the sdRNA, we converted the identified sequences into a fully modified form,[@bib14] replacing all remaining ribose residues with either 2′F or 2′OMe modifications. These fully modified sdRNAs (sdRNAfm) proved to be more potent and led to larger inhibition of target mRNA expression than the initial sdRNA ([Figure 2](#fig2){ref-type="fig"}A) in the activated T cells ([Figure S3](#mmc1){ref-type="supplementary-material"}). To determine the concentration of sdRNA to use in further experiments, the most potent sdRNA PD78fm and non-targeting control were titrated into primary T cell cultures and PDCD1 gene expression was validated ([Figure 2](#fig2){ref-type="fig"}B), with 2 μM sdRNAfm concentration showing the most potent effect after 72 hr post-introduction of sdRNA into the culture medium. The presence of neither PD78fm nor non-targeting control (NTC) had any significant effect on viability of T cells ([Figure S4](#mmc1){ref-type="supplementary-material"}). Whereas short-term silencing of PDCD1 mRNA validated the knockdown effect of PD78fm sdRNA, the longevity of the effect in rapidly dividing cells would be an essential parameter in ACT optimization. To establish this, primary T cells were cultured in medium containing PD78fm or NTCfm sdRNA for 72 hr followed by removing the sdRNA-containing media, washing cells, and re-suspension in culture medium containing no sdRNAs. PDCD1 expression was monitored by qPCR over a period of 9 days, demonstrating that PDCD1 mRNA was still significantly suppressed as late as day 8 but started to return to base line levels at day 9 ([Figure 2](#fig2){ref-type="fig"}C).Figure 2Improved Efficacy of PD1 sdRNA Knockdown by Additional Backbone Stabilization(A) PD1 mRNA from activated T cells treated with selected (PD78) or chemically improved (PD78fm) sdRNA for 72 hr in the presence of anti-CD3/CD28 magnetic beads. Gene expression was quantified in a multiplex qPCR using GAPDH as a housekeeping gene (n = 3; mean ± SD). (B) Dose response analysis of PD1 mRNA in cells treated with improved PD78fm is shown. Effective dose was IC~50~ = 556 nmol/L. Transfection conditions and gene expression analysis were as in (A). (C) Longevity of PD1 knockdown in dividing T cells is shown. T cells activated with anti-CD3/CD28 beads for 5 days were then treated with 2 μM PD78fm for 72 hr in the presence of the activation beads. Cells were washed (point "0") and incubated in complete AIM-V/IL-2 medium without sdRNA. Cell aliquots were collected at specified times for gene expression analysis. Shown is quantified by qPCR as in 1D (n = 3; mean ± SD).

PD-1 Protein Levels Are Decreased in Primary Human T Cells by sdRNA Specific for PDCD1 while Minimally Impacting Other Cell Surface Markers {#sec2.2}
-------------------------------------------------------------------------------------------------------------------------------------------

Next, we investigated the ability of PF78fm sdRNA to specifically reduce the protein levels of PDCD1. To this end, freshly isolated T cells were cultured with fully modified PD78 (PD78fm) or NTC (NTCfm) at varying concentrations followed by stimulation with anti-CD3/CD28 beads. Four days post-stimulation, extra- and intracellular levels of PD-1 were evaluated by flow cytometry. PD78fm sdRNA significantly decreased PD-1 cell surface expression over all three concentrations of sdRNA ([Figure 3](#fig3){ref-type="fig"}A) as well as intracellular PD-1 expression at 1 μM and 2 μM ([Figures 3](#fig3){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}). Stimulation with CD3/CD28 beads did not alter the CD4/CD8 ratio in any of the conditions tested ([Figure 3](#fig3){ref-type="fig"}C). We also considered that the introduction of exogenous RNA may trigger natural antiviral mechanisms that activate T cells. To investigate this possibility, differentiation and activation markers on the sdRNA and control-treated T cells were stained with fluorescent antibodies and were acquired by fluorescence-activated cell sorting (FACS). Indeed, increasing concentrations of both NTCfm and PD78fm sdRNA resulted in slightly elevated CD69 expression on bead-stimulated T cells. Increasing levels of NTCfm sdRNA led to decreased expression of CD28 whereas this was maintained on PD78fm sdRNA ([Figure 3](#fig3){ref-type="fig"}D).Figure 3Characterization of Healthy Donors' T Cells after Treatment with Increasing Concentrations of PD78fm or the Control sdRNA NTCfmT cells were cultured for four days in the presence of PD78fm at varying concentrations or non-targeting control (NTCfm) followed by stimulation with CD3/CD28 beads. (A and B) Extracellular (n = 3; A) and intracellular (n = 3; B) PD-1 expression levels are shown. (C) Staining of CD4 and CD8 on T cells (left panel) and quantification (n = 3) is shown. (D) Expression of differentiation and activation markers is shown. Error bars represent mean ± SD.

PD78fm sdRNA-Treated Primary T Cells Secrete More IFN-γ upon Activation {#sec2.3}
-----------------------------------------------------------------------

We then interrogated the consequences of sdRNA silencing of PD-1 for T cell functionality. Because T cells overexpress PD-L1 upon activation, we expected that PD-1 knockdown would result in stronger activation. Human T cells were cultured in the presence of 2 μM of sdRNA (PD78fm and NTCfm) and activated with CD3/CD28 beads or OKT3 antibody. Supernatants from PD78fm-treated T cells activated with beads were found to contain moderately more IFN-γ ([Figure 4](#fig4){ref-type="fig"}A). This effect was amplified when milder activation with OKT3 antibodies was used ([Figure 4](#fig4){ref-type="fig"}B). Most likely the stronger activation with CD3/CD28 beads overcame the inhibitive effect of PD-1/PD-L1 interaction between T cells. Even though CD3/CD28-activated T cells expressed some PD-L1 ([Figure S6](#mmc1){ref-type="supplementary-material"}A), a more tumor-relevant model to study induction of T cell suppression by the PD-1/PD-L1 axis was then established. The cell line (KADA) previously established in our lab from a patient with advanced melanoma was found to express high levels of PD-L1 ([Figure S6](#mmc1){ref-type="supplementary-material"}B). KADA tumor cells were seeded into plates and co-cultured with PD78fm or NTCfm pretreated or untreated OKT3 activated T cells. T cells pretreated with PD78fm secreted significantly more IFN-γ than non-sdRNA-treated and NTCfm sdRNA-treated T cells ([Figure 4](#fig4){ref-type="fig"}C). We therefore concluded that, in the presence of PD-L1-expressing tumor cells, the sdRNA-mediated blockade of PD-1 expression clearly enhanced the ability of activated T cells to secrete IFN-γ.Figure 4IFN-γ Production by sdRNA-Treated Healthy Donor's T Cells after *In Vitro* Activation(A and B) T cells were seeded in RPMI+2% FBS in 96 U well plate---0.2M/100 μL/well, activated with CD3/CD28 beads (A) or OKT3 (30 ng/mL; B) and incubated with 2 μM of particular sdRNA for 4 days in total. The second day, FBS was added up to 10%. Supernatants were harvested on day 4, and IFN-γ level was measured by ELISA. (C and D) T cells were seeded in RPMI+2% FBS in 96 U well plate---0.2M/100 μL/well, activated by 0.1 μL/well beads (C) or 30 ng/mL OKT-3 (D) and incubated with 2 μM of particular sdRNA for 4 days. The second day, FBS was added up to 10%. On day 4, T cells were harvested and seeded in 96 F well plates with KADA cells at 1:1 ratio and incubated for 24 hr. Error bars represent mean ± SD.

Silencing PD-1 by sdRNA Results in Enhanced Proliferation and IFN-γ Production in TILs Undergoing Rapid Expansion Protocol {#sec2.4}
--------------------------------------------------------------------------------------------------------------------------

For the treatment of melanoma patients with TIL therapy, large quantities of TILs are commonly produced by a standard rapid expansion protocol (REP).[@bib16] We therefore investigated whether sdRNA could be applied to a REP and lead to an improved TIL product in this clinically relevant protocol. A standard REP protocol used routinely also in our GMP facility ([ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0040}; [NCT01946373](ctgov:NCT01946373){#intref0045}) was applied but with addition of sdRNA on days 4, 8, and 12, as schematically represented in [Figures 5](#fig5){ref-type="fig"}A and 5B. The addition of sdRNA every fourth day was motivated by the findings above demonstrating that PD-1 gene expression levels start to increase after this time. We monitored the viability of TILs on days 8, 12, and 14 post-initiation of REP ([Figure 5](#fig5){ref-type="fig"}C) and found that TILs undergoing REP in the presence of NTCfm and PD78fm tended to have slightly lower percent CD3^+^ live cells compared to control cultured TILs, ±70% and ±60% viability, respectively, compared to ±80% viability for control TILs. On days 12 and 14, the proliferative capacity of TILs was evaluated by thymidine incorporation. PD78fm-treated T cells had significantly increased thymidine incorporation on day 14 compared to control and NTCfm-treated TILs ([Figure 5](#fig5){ref-type="fig"}D). On day 14, TILs were harvested from the rapid expansion protocol and would typically be quality controlled prior to patient therapy. Harvested TILs were stained for differentiation and activation markers, and whereas most markers in both CD4^+^ TILs ([Figure 5](#fig5){ref-type="fig"}E) and CD8^+^ TILs ([Figures 5](#fig5){ref-type="fig"}E and 5F) were similar in TILs treated with each of the three products, there was a strong decrease in CD25^+^, CD4^+^, and CD8^+^ T cells in TILs treated with PD78fm or NTCfm ([Figures 5](#fig5){ref-type="fig"}E and 5F, fifth panel). Motivated by the difference in proliferative potential and a trend toward decreased viability, we stained TILs with a panel of antibodies for cell surface stress and activation markers. The control-, NTCfm-, and PD78fm-treated CD3^+^ TILs all expressed very little PD-L2 ([Figure 5](#fig5){ref-type="fig"}G, second panel). Furthermore, comparable levels of Trail-R2 ([Figure 5](#fig5){ref-type="fig"}G, first panel), PD-L1 ([Figure 5](#fig5){ref-type="fig"}G, fifth panel), and CD95 ([Figure 5](#fig5){ref-type="fig"}G, fourth panel) were detected. In contrast, PD78fm-treated TILs had increased levels of major histocompatibility complex (MHC) class I chain-related protein A and protein B (MICA/B) as well as a bright population of UL16 binding protein (ULBP)-positive cells that was not detected in the NTCfm-treated or control TILs ([Figure 5](#fig5){ref-type="fig"}G, third and sixth panels). Additionally, CD4/CD8 ratios were calculated and no significant differences were observed between control-treated and PD78fm-treated TILs ([Figure S7](#mmc1){ref-type="supplementary-material"}).Figure 5Characterization of TIL Expanded in the Presence of sdRNAT cells were expanded for two weeks in CellGro medium supplemented with 2% human AB serum, 30 ng/mL OKT-3, and 300 U/mL IL-2. sdRNA was added at a 2 μM concentration on days 4, 8, and 12. Cell samples were collected for characterization on days 8, 12, and 14, at the end of the expansion protocol. Data are the result of three independent expansions from one single donor (A--D); (E--G) representative plots from one expansion are shown. (A) Schematic representation of the rapid expansion protocol (REP) is shown. (B) Intracellular expression of PD1 on day 14 (n = 3) is shown. (C) Viability of T cells during the expansion protocol as determined by Trypan Blue staining is shown. (D) T cell proliferation capacity during REP is shown. (E) Expression of differentiation and activation markers in CD4 T cells is shown. (F) Expression of differentiation and activation markers in CD8 T cells is shown. (G) Expression of cell surface stress and activation markers is shown. Error bars represent mean ± SD.

PD78fm-Cultured TILs Have Enhanced Ability to Recognize Autologous Tumors {#sec2.5}
-------------------------------------------------------------------------

Modulation of PD-1 protein expression in TILs can potentially lead to a better tumor recognition capacity. TILs expanded using the rapid expansion protocol and treated with either PD78fm, NTCfm sdRNA, or untreated control TILs were co-cultured with autologous tumor cell lines and evaluated for the cell surface differentiation and activation markers CD28, CD45RA, CD69, and CD25. All three products had similar expression of these markers on CD8^+^ T cells after 6 hr and 24 hr of co-culture ([Figures 6](#fig6){ref-type="fig"}A and 6B). Supernatants were collected from co-cultures and found to contain significantly more IFN-γ when TILs were expanded in the presence of sdPD78fm, but not NTCfm, sdRNA compared to control TILs ([Figure 6](#fig6){ref-type="fig"}C). This was further validated by intracellular staining for IFN-γ and tumor necrosis factor alpha (TNF-α) as well as staining for degranulation marker CD107a, where PD78fm-treated TILs degranulated and produced more cytokines than NTCfm or control TILs ([Figure 6](#fig6){ref-type="fig"}D).Figure 6Effects of sdRNA on the Recognition of Autologous Tumor Cell Lines by Expanded TILT cells were co-cultured for 24 hr with autologous cell lines and harvested for characterization. (A and B) Expression of surface differentiation and activation markers after 6 hr (A) and 24 hr (B) is shown. (C) IFN-γ measured in the supernatant of co-cultured T cells at different tumor cell:T cell ratios after 24 hr is shown. (D) Cytokine production as measured by intracellular cytokine staining (ICS) after 24 hr (effector-to-target \[E:T\] ratio, 2:1) is shown. Error bars represent mean ± SD.

Discussion {#sec3}
==========

Targeting the PD-1/PD-L1 axis can enhance the *ex vivo* expansion rate and *in vivo* longevity and functionality of T cells to be applied as ACT in cancer patients. Here, we investigate the potential of improving TIL therapy by applying a novel technology of self-delivering RNAi molecules specific to PD-1.

The use of RNAi to protect/enhance action of immune cells in ACT has been proposed previously,[@bib20] with the major hurdle being the difficulty of utilizing RNAi to transfect T cells. The commonly used transfection methods, such as lipid-mediated delivery or electroporation, result in significant loss of T cell viability and non-specific activation.

Self-deliverable RNAi technology based on the chemical modification of siRNAs successfully resolves the cellular delivery issue. The combination of backbone modifications with asymmetric siRNA structure and a hydrophobic ligand ([Figure 1](#fig1){ref-type="fig"} and Khvorova and Watts[@bib14]) allows sdRNAs to penetrate cultured mammalian cells without additional formulations and methods by simple addition to the culture media, capitalizing on the nuclease stability of sdRNAs. This stability allows the support of constant levels of RNAi-mediated knockdown of target gene activity simply by maintaining the active concentration of sdRNA in the media. The backbone stabilization of sdRNA allows it to exert long-lived gene knockdown effect, which can last for months in non-dividing cells.[@bib14], [@bib17], [@bib18]

This technology was applied both to freshly isolated donor T cells and to a clinically relevant protocol, which is now regarded as the gold standard for expansion of large numbers of TIL.[@bib21] We demonstrated over 95% transfection efficiency of T cells and knockdown of the target PDCD1 gene by various specific sdRNAs. Originally identified sdRNAs containing several unmodified ribose residues were replaced with fully modified sequences to increase their potency and the longevity of RNAi effect. We have demonstrated the persistence for 8 days after transfection of more than 70% knockdown of PD-1 expression in rapidly dividing T cells. This knockdown would provide infused T cells with a head start, avoiding immediate suppression by the PD1/PD-L1 pathway. Additionally, and due to the benign safety profile involved, multiple infusions of a TIL product (as suggested by Rosenberg et al.[@bib22]) would ensure that a potent *in vivo* effect could be established by the use of sdRNA. Altogether, PD-1 knockdown efficacy, persistence, and safety profile present sdRNA silencing of PD-1 as an attractive method to use for production of TILs for clinical trials.

Our findings are of direct clinical relevance for ACT of cancer patients. They are similar to the results obtained with antibodies blocking PD-1 when T cells are co-cultured in the presence of antigen-expressing tumor cells,[@bib23], [@bib24], [@bib25] where the secretion of cytokines (IFN-γ in particular) is augmented.[@bib26], [@bib27], [@bib28] We found that this was true for PD78fm-treated T cells both for low dose non-specific OKT3 stimulation as well as stimulation in the presence of a PD-L1 high tumor cell line. In line with these results, we found a potent increase in IFN-γ secretion when TILs were treated with PD78fm during activation with OKT3 prior to co-culture with autologous tumor cells.

We also observed an increased proliferation of sdRNA PD78fm-treated TILs during REP. This is not surprising, as PD-1 has been implicated directly in suppressing T cell proliferation by upregulation of p27 and p15 and resulting in induction of cell cycle arrest through suppression of Cdc25a.[@bib29] Growing TILs in the presence of anti-PD-1 was shown to increase yields, potentially by accelerated TIL proliferation during REP.[@bib25], [@bib30] We consistently found an increased proliferative state in the sdRNA PD78fm compared to control sdRNA NTCfm-treated TILs. This led us to investigate whether PD78fm-treated TILs expressed increased activation-induced cell death (AICD) ligands. Whereas CD95 expression was similar among cells subjected to all three conditions, MICA/B and ULBPs were found to be slightly upregulated on PD78fm (and NTC)-treated TILs, which may in part be attributed to the non-specific activation of toll-like receptors by sdRNAs. It has indeed been found that activation of T cells leads to the upregulation of NKG2D ligands, potentially facilitating AICD.[@bib31], [@bib32] During the REP, AICD may be responsible for the slightly decreased CD3^+^ T cell viability observed in sdRNA-treated TILs, because we added sdRNA at regular intervals to maintain low expression of PD-1. Complete genetic absence of PD-1 has been shown to lead to terminally differentiated phenotype and increased turnover of T cells.[@bib33] In support of this, we found a slight upregulation of the activation markers CD69 and CD25 when treating T cells with sdRNA. Because a non-specific activation was noted also with non-targeting sdRNA, we speculate that this could be due to cytosolic nucleic acid sensors recognizing the sdRNA, resulting in the activation of T cells.[@bib34]

The exact mechanisms by which PD-1 inhibits the function of T cells is still a matter of debate. In contrast to earlier findings of the TCR signaling as the target of PD-1, Hui et al.[@bib35] recently elucidated that the de-phosphorylation of CD28 is the main target of PD-1 recruited and activated Shp2. In T cells activated with CD3/CD28 beads, we found a decrease in CD28 expression on cells cultured with NTCfm sdRNA, but not in T cells cultured with PD78fm sdRNA. High CD28 expression in the PD78fm sdRNA-treated T cells could be essential to facilitate their survival and retain their functional capacity.[@bib36]

Currently, there is great interest in modification of T cells with gene editing tools, such as CRISPR-CAS and TALENs, and successful efforts have been made to generate T cells knockout for PD-1.[@bib37], [@bib38], [@bib39], [@bib40] Furthermore, there are multiple clinical trials starting soon utilizing these technologies ([NCT03044743](ctgov:NCT03044743){#intref0050} and [NCT02793856](ctgov:NCT02793856){#intref0055}) to target PD-1 and adoptively transfer T cells back into patients. There is intrinsically high risk that goes paired with this type of permanent genetic modification, namely, if an off-target event were to hit a tumor suppressor gene this may lead to the adoptive transfer of malignant cells. Off-target cleavage of the CRISPR-CAS system has been well documented,[@bib41], [@bib42], [@bib43] which makes this concern particularly valid. In addition to the off-target effects of genome editing, unintended long-term on-target effects may also lead to toxicities in the patients that will be receiving PD-1 knockout (KO) T-cell-based therapies. Indeed, it has been well described in mouse models that PD-1 KO T cells have a tendency to induce autoimmunity when confronted with viral challenge.[@bib44], [@bib45] Similar results were found in PD-L1 KO mice, which succumb to immunopathology of over-activated T cells.[@bib46] RNAi could also have an off-target effect but one that would be limited by the transient nature of the therapy. Furthermore, the transient nature of sdRNA could in certain contexts be considered beneficial compared to permanently knocking out genes in T cells. In the case of PD-1, this will allow, after 10 days when we find the effect of PD-1-specific sdRNA to wane (in rapidly dividing cells), the T cells to enter their transition from effector to memory cells. PD-1 has been shown to be, in part, responsible for controlling this differentiation process, which is essential for the natural functioning of adoptively transferred cells.[@bib47], [@bib48] This may also be the case for other regulators of T cell functionality, where it would be preferential to have a transient effect and not permanently disturb the natural T cell cycle. Finally, introduction of CAS9 into T cells has been achieved with electroporation of either nucleic acids encoding CAS9 or CAS9 protein guide RNA (gRNA) complexes.[@bib37], [@bib38], [@bib40], [@bib49] Electroporation is known to have a highly detrimental effect on the viability of the cells, and many efforts have been made to optimize efficiency of gene transfer as well as minimization of cell death.[@bib50], [@bib51], [@bib52] Considering that TIL products have already been through considerably more stress than healthy donor-derived T cells, electroporation with the goal of gene editing may yield a much inferior T cell product for the patients than desired. In contrast, sdRNA technologies could be plugged into any ongoing clinical protocol with only minor modifications.

With the treatment of patients with checkpoint inhibitors, it is becoming clear that resistance is becoming an issue, just as was earlier found with small-molecule inhibitors. Resistance to PD-1 therapy may be prevented by targeting of additional T cell inhibitory molecules. Tumor-specific T cells can be identified by PD-1 but also by other exhaustion makers, such as TIM-3 and LAG-3.[@bib53] Koyama et al.[@bib54] have shown that patients relapsing while on PD-1 therapy had increased T cell exhaustion TIM-3, LAG-3, and CTLA-4. By sequentially treating with anti-TIM-3, they were able to extend the survival of mice in their mouse model. TIGIT similarly is co-expressed with PD-1, and dual blockade of TIGIT with PD-1 facilitated increased tumor-antigen-specific T cell proliferation, cytokine release, and degranulation.[@bib55] The rationale for combining multiple immune checkpoint blockade inhibitors has been well established,[@bib56] and utilizing the flexibility and ease of targeting several molecules simultaneously with specific sdRNA will facilitate this strategy. For example, patients receiving combination of CTLA4 and PD1 blockade have experienced radical tumor regressions in very short periods of time[@bib57] but at a greater risk of immune-related adverse events. By targeting multiple inhibitory molecules, we could potentially alleviate the short-lived effect of sdRNA, benefitting from faster response times. We believe that sdRNA technology will greatly facilitate the development of functional RNAi[@bib14] that targets inhibitors of T cell functions, helping to release the full potential of adoptively transferred T cells.

Materials and Methods {#sec4}
=====================

sdRNA Selection {#sec4.1}
---------------

20 sdRNA sequences targeting PDCD1 gene (NM_005018) were selected based on Advirna's proprietary selection algorithm, designed on the basis of a functional screen of over 500 sdRNA sequences. Regression analysis was used to establish a correlation between the frequency of occurrence of specific nucleotide and modification at any specific position in sdRNA duplex and its functionality in gene suppression assay. Selected sequences were synthesized (TriLink Biotechnologies) in a 0.2-μmol scale and dissolved in sterile RNase-, DNase-free water for injection (CalBiochem; 4.86505). Duplexes were annealed by heating up at 95°C for 5 min and gradually cooling down to room temperature.

Cells and Patient Material {#sec4.2}
--------------------------

PBMCs were isolated from healthy donor buffy coats (Karolinska University Hospital; ethical permit No. 20010305,01-50) by gradient centrifugation (Ficoll-Paque Plus; GE Healthcare). T cells were purified using the Pan T cell isolation kit (Miltenyi Biotec) following manufacturer's instructions. Peripheral blood CD3^+^ Pan T cells from AllCells (PB009-1F) were used for sdRNA validation and chemical structure optimization studies. HeLa cells (ATCC) were routinely maintained at 50%--80% confluence for at most 15 passages.

Tumor biopsies and PBMCs were obtained from advanced melanoma patients undergoing treatment at the Department of Oncology, Karolinska Hospital. The early-passage KADA melanoma cell line was established from a stage III melanoma patient undergoing treatment in the oncology clinic at Karolinska University Hospital as previously described.[@bib58] The Karolinska Institutet review board approved the protocol (2011/143-32/1), and all patients provided written informed consent in accordance with the Declaration of Helsinki.

sdRNA Direct Delivery (Passive Uptake) {#sec4.3}
--------------------------------------

Oligonucleotides were diluted in serum-free medium and dispensed into 96-well culture plate in triplicates. Cells were seeded in appropriate culture medium containing reduced FBS in the plate with pre-diluted compounds for indicated time. HeLa cells were transfected in Eagle's minimal essential medium (EMEM) medium with 3% FBS at 10,000 cells/well. Primary human T cells (AllCells, CA) were cultured in complete AIM-V (Gibco) medium containing 500 IU/mL IL-2 (ProSpec). Cells were activated with anti-CD3/CD28 Dynabeads (Gibco; 11131) according to the manufacturer's instructions for at least 4 days prior to transfection. T cells were transfected in 5% FBS at 100,000 cells/well without removing the Dynabeads, unless otherwise specified.

Fluorescent images were obtained from live cells transfected with Cy3-conjugated sdRNA using Olympus BX-60 microscope. Nuclear staining was obtained with Hoechst 33342 (Molecular Probes; H1398) added to transfected cells for 30 min. Images were processed with ImageJ (1.47v) software.

Lead sdRNA Compound Identification {#sec4.4}
----------------------------------

Luciferase reporter plasmid was constructed by inserting PDCD1 targeting regions into psiCheck2 plasmid (Promega; C8021) downstream Renilla luciferase sequence. Previously validated MAP4K4 sdRNA sequence was also inserted as a positive control.

For the screening, HeLa cells were transfected with the cloned plasmid using Fugene HD (Promega; E2311) according to the manufacturer's instructions. Briefly, cells were seeded at 2.5 × 10^6^ cells/10 cm^2^ dish in EMEM (ATCC; 30-2003) medium without antibiotics and transfected 6 hr later with the plasmid at 2.5:1 FuGENE:DNA ratio. Cells were incubated for 16--18 hr, washed 3 times with PBS, trypsinized, and seeded into 96-well plate with pre-diluted sdRNA compounds at final concentration 1 μM sdRNA/10,000 cells/100 μL EMEM with 3% FBS. Cells were treated with sdRNA for 48 hr to facilitate passive cellular uptake of compounds, lysed with Glo lysis buffer (Promega; E266A), and assayed for Renilla and Firefly luciferase expression. For that, 20-μL aliquots of each lysate were added into duplicate opaque 96-well plates and mixed with either Matthews (Renilla) assay buffer[@bib59] or Firefly luciferase assay buffer (25 mM glycylglycine, 15 mM MgSO~4~, 4 mM EGTA, 1 mM DTT, 2 mM ATP, 15 mM K~2~PO~4~ \[pH 7.8\], and 1 mM D-Luciferin). The substrates D-Luciferin (Promega; E1605) and h-Coelenterazine (NanoLight; 301) were added immediately prior to use. Luminescence was measured on SpectraMax i3 (Molecular Devices), normalized (Renilla/Firefly), and expressed as a percent untreated control.

mRNA Quantification by qPCR {#sec4.5}
---------------------------

Total RNA was isolated from transfected cells using the PureLink Pro96 Purification Kit (Invitrogen; 12173-011A) according to the manufacturer's recommendations. Dilutions of non-transfected (NT) cells of 1:5 and 1:25 were routinely prepared for a standard curve generation. Gene expression was analyzed in a one-step multiplex qPCR by mixing 20--40 ng purified RNA with Quanta qScript qRT-PCR ToughMix (VWR; 89236672) and Taqman probes---PDCD1-FAM (Taqman; Hs01550088_m1) and GAPDH-VIC (Applied Biosystems; 4326317E) in the same reaction. Samples were amplified using Quanta's recommended settings in a StepOnePlus qPCR machine (Applied Biosystems). PDCD1 expression was normalized to GAPDH, adjusted to the standard curve, and expressed as a percent of NTC-transfected cells.

Antibodies and Flow Cytometry {#sec4.6}
-----------------------------

Antibody details are provided in [Table S2](#mmc1){ref-type="supplementary-material"}. PBMCs were stained at 4°C according to the manufacturer's recommendations, after proper titration in order to obtain an optimal signal to noise ratio. Dead cells were excluded with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen). Cells were analyzed using an LSRII flow cytometer (BD Biosciences) and FlowJo software (Treestar, Ashland, OR), using a non-stained control for each sample. Quality control of the flow cytometer's performance and coefficient of variation (CV) values were monitored on a day-to-day basis using CS&T beads (BD Biosciences).

Cell Viability Assay {#sec4.7}
--------------------

Primary T cells activated with anti-CD3/CD28 beads and seeded in triplicates in a 96-well plate were transfected with sdRNA oligonucleotides at various doses for 72 hr. Cells were washed and incubated with 1:10 diluted CellTiter-Blue reagent (Promega; G808A) for 1 hr at 37°C. Plates were brought to room temperature and fluorescence recorded at 530 nm ex/590 nm em. Linear range was confirmed by plating 4 series of 2-fold cells dilutions in the same conditions and plotting fluorescence readings.

TIL Isolation {#sec4.8}
-------------

TILs were isolated as previously described (PMID: [24993563](pmid:24993563){#intref0065}). Briefly, 1 mm^3^ pieces of tumor were incubated in 24-well plates with CellGro medium supplemented with 6,000 U/mL IL-2 (PeproTech) and 2% human AB serum for approximately 2 weeks, when expanding cells were pooled and counted.

Rapid Expansion Protocol {#sec4.9}
------------------------

Purified TILs from advanced melanoma patients were thawed, washed, and seeded in flasks at 6 × 10^3^ cells/mL along with 1.75 × 10^6^ irradiated feeder PBMCs and OKT3 (Miltenyi) at 30 ng/mL. Rapid expansion was carried out in CellGro medium (CellGenix) supplemented with 2% human AB serum and 300 U/mL IL-2 (PeproTech) and 2 μM of either PD78fm sdRNA or the control sdRNA NTCfm. Medium was replaced every four days, and cell samples were collected on days 4, 8, and 12. The final product was harvested on day 14 and used immediately.

Thymidine Incorporation Assay {#sec4.10}
-----------------------------

TILs harvested on days 12 and 14 during the rapid expansion protocol were seeded in triplicate on a 96-well plate (10^4^ cells/well) in CellGro medium supplemented with 2% human AB serum. After 1 hr, 1 μCi/well of \[methyl-^3^H\] thymidine (PerkinElmer, Waltham, MA) was added to each well and incubated for four hours. Cells were then harvested and ^3^H-thymidine incorporation was measured in a Trilux 1450 microBeta liquid scintillation counter (Wallac).

IFN-γ Secretion of sdRNA-Treated Cells {#sec4.11}
--------------------------------------

IFN-γ production by stimulated T cells was measured in the supernatant using the Human IFN-γ ELISA development kit (Mabtech) as per manufacturer's instructions. Purified T cells from healthy donors were stimulated with OKT3 (30 ng/mL) and treated with 2 μM sdRNA for four days. After this period, the supernatant was collected for ELISA analysis and T cells were harvested. Harvested T cells were further co-cultured with early passage melanoma cell line KADA for 24 hr, when the supernatant was again collected for IFN-γ determination.

Intracellular Cytokine Staining {#sec4.12}
-------------------------------

Purified expanded TILs were co-cultured with autologous KADA cell line (2:1 effector:target ratio; 10^5^ TILs/well) in the presence of fluorescein isothiocyanate (FITC)-labeled anti-CD107a antibody (BioLegend). After two hours, cytokine secretion was blocked with GolgiPlug/GolgiStop (BD Biosciences) and further incubated for an additional four hours. Intracellular levels of IFN-γ and TNF-α ([Table S2](#mmc1){ref-type="supplementary-material"}) were measured after cellular permeabilization with cytofix/cytoperm (BD Biosciences) in an LSRII flow cytometer (BD Biosciences).
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